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Introduction
============

Elevated levels of eukaryotic initiation factor 4E (eIF4E) are associated with oncogenic transformation in cell culture, tumorigenesis in mouse models, and poor prognosis in a significant subset of human cancers ([@bib28]). eIF4E promotes proliferation and rescues cells from a variety of apoptotic stimuli, including serum deprivation ([@bib51]; [@bib62]; [@bib65]; [@bib28]). At the molecular level, eIF4E modulates gene expression at two distinct levels: mRNA translation and mRNA nuclear export (for review see [@bib22]). To act in either of these processes, eIF4E must bind the 7-methyl guanosine (m^7^G) cap moiety found on the 5′ end of mRNAs (for review see[@bib22]). In the cytoplasm, eIF4E recruits mRNA to the ribosome as a critical step in translation initiation ([@bib62]). Not all transcripts are affected equally by eIF4E ([@bib54]; [@bib62]; [@bib17]; [@bib45]; for review see[@bib22]). For instance, the translation of a subset of genes with complex 5′ untranslated regions (UTRs) is more sensitive to eIF4E levels (and are deemed eIF4E sensitive) than transcripts with short, unstructured UTRs. In this case, translation enhancement is defined as the association of these transcripts with heavier polysomes. In the nucleus, eIF4E up-regulates the mRNA export of a substantial subset of growth-promoting mRNAs that contain a 50-nucleotide element known as the 4E sensitivity element (4E-SE) in their 3′ UTR (for review see [@bib22]). Therefore, increased protein production of the corresponding export-sensitive mRNAs arises through two mechanisms: first, a concentration effect whereby the increased levels of cytoplasmic transcripts means that more protein is made; and second, a subset of these transcripts are subsequently loaded more efficiently onto the heavier polysomes because they are translationally sensitive to eIF4E. Thus, eIF4E affects gene expression at multiple levels.

Recent studies indicate that there is a poor correlation between the proteomes and transcriptomes of cells ([@bib44]). This implies that posttranscriptional regulation plays a critical role in gene expression and thereby impacts the resulting physiology of the cell. Keene and colleagues proposed the RNA regulon model to describe a means by which posttranscriptional gene regulation can be coordinated ([@bib34]; [@bib33]; [@bib32]). In this model, the expression of transcripts that act in the same biological pathway, such as cell cycle progression, is coordinately controlled by the presence of elements in the 3′ and/or 5′ UTR of these mRNAs. These RNA elements are referred to as untranslated sequence elements for regulation (USER) codes. For example, a set of mRNAs, which encode proteins involved in the same biochemical pathway, would have their mRNA export coordinated by having a common USER code in their 3′ UTR, such as the 4E-SE. The USER codes work by recruiting proteins involved in a given process to the RNAs in question to facilitate said process. Thus, mRNAs containing the 4E-SE USER code would recruit the appropriate export factors to the RNAs, facilitating the export process. Any level of RNA metabolism could be modulated this way as long as the appropriate USER codes were present.

Our studies strongly suggest that eIF4E is a node in an RNA regulon governing cell cycle progression by (at least in part) the combinatorial modulation of the export of a wide variety of transcripts involved in nearly every step of the cell cycle. Similarly, translationally sensitive mRNAs likely contain USER codes in their 5′ UTR ([@bib45]). In this way, control at the mRNA export and translation levels can be decoupled (i.e., mRNAs would require both the 3′ 4E-SE and the 5′ USER code to be modulated by eIF4E at both levels). This model of gene expression provides network level control of the fate of mRNAs that encode proteins involved in the same biochemical and thus biological processes. Control of nodes (such as eIF4E) in these regulons is critical for determining the fate of the cell.

In this study, we examine the possibility that eIF4E rescues cells from apoptotic cell death by coordinately regulating the expression of factors in such networks to achieve cell survival. We demonstrate that eIF4E potentiates Akt activation and that this activity is required for its ability to rescue cells from serum deprivation--induced apoptosis. The RNA regulon model serves as a theoretical context to understand how eIF4E coordinately and potently activates the Akt signaling pathway. First, eIF4E overexpression leads to the up-regulation of Nijmegen breakage syndrome 1 (NBS1) expression, a factor that potentiates the phosphorylation of Akt ([@bib13], [@bib14]; [@bib56]). Second, eIF4E overexpression leads to the coordinated mRNA export and thereby up-regulation of several downstream effectors of Akt. Reciprocally, a cellular inhibitor of eIF4E, the promyelocytic leukemia protein (PML), inhibits eIF4E-dependent Akt activation and also reduces the expression of a subset of downstream effectors of Akt. In this way, eIF4E and PML coordinately modulate an RNA regulon, which controls the Akt pathway and thus impacts cell survival.

Results
=======

eIF4E overexpression promotes Akt activation
--------------------------------------------

We examined the possibility that eIF4E overexpression leads to the activation of Akt. Akt activation was assessed by monitoring its phosphorylation at T308 and S473 using phosphospecific antibodies in immortalized mouse embryonic fibroblasts (MEFs). Phosphorylation of these two regulatory sites is a well-characterized indicator of Akt activation ([@bib2]; [@bib64]; [@bib48]; [@bib72]; [@bib63]). eIF4E overexpression significantly increased the phosphorylation of Akt at both sites ([Fig. 1 A](#fig1){ref-type="fig"}). Importantly, the m^7^G cap--binding mutant of eIF4E (W56A), which is unable to act in translation or mRNA export ([@bib18]; [@bib21]), does not have this effect. In contrast, an eIF4E mutant (W73A) that acts in mRNA export but does not promote translation of sensitive mRNAs ([@bib20], [@bib21]) because of its reduced affinity for eIF4G also activates Akt. Consistent with Akt activation, eIF4E and W73A mutant overexpression leads to enhanced phosphorylation of ribosomal protein S6 and eIF4E-binding protein 1 (4E-BP1), whereas the W56A mutant is inactive ([Fig. 1 A](#fig1){ref-type="fig"}). Similar experiments in other cell types (NIH3T3, U2Os, and U937) produced the same pattern of results, showing that these effects are not cell line restricted. Overexpression of wild-type or mutant forms of eIF4E did not affect total Akt levels.

![**The elevated expression of eIF4E alters the activity of Akt1 and downstream effectors.** (A) Western blot analysis of whole cell extracts from cells overexpressing eIF4E wild type or mutants in Akt wild-type and Akt1^−/−^ cells. (B) Western blot analysis of whole cell extracts from Akt wild-type cells treated with the PI3K inhibitor LY294002 (LY; 50 μM for 1 h). (C) Western blot analysis of whole cell extracts from NIH3T3 cells transfected with two different siRNAs for eIF4E (si eIF4E) or scrambled controls (scram). The detected proteins are as indicated. β-Actin or GAPDH is shown as a loading control.](jcb1810051f01){#fig1}

There has been a recent study suggesting that it is not possible to overexpress the W73A mutant to levels comparable with wild-type eIF4E ([@bib74]). We note that both our group and [@bib24]; [@bib18]; [@bib68]; [@bib21]) have had no difficulty in overexpressing this mutant. We have noted that when using the 2Flag system, W73A levels are reduced (unpublished data); thus, we avoid these systems, opting for other tags (or no tags) such as myc or HA that do not have this issue.

Experiments were extended to determine the effects of knocking down eIF4E expression using two different siRNAs and comparing these results with cells treated with scrambled controls ([Fig. 1 C](#fig1){ref-type="fig"}). Both siRNAs reduced eIF4E protein levels as expected. Consistent with these results, reduction of eIF4E levels by either siRNA in NIH3T3 cells led to decreased levels of cyclin D1 and NBS1 proteins relative to scrambled controls ([Fig. 1 C](#fig1){ref-type="fig"}). Furthermore, eIF4E knockdown led to decreased levels of Akt phosphorylation and decreased phosphorylation of ribosomal protein S6 and 4E-BP1 ([Fig. 1 C](#fig1){ref-type="fig"}).

To determine the importance of Akt1 to the apoptotic rescue activity of eIF4E, we examined Akt1^−/−^ MEFs ([@bib16]) overexpressing eIF4E. Akt1 is the prevalent Akt isoform in embryonic fibroblasts. The aforementioned wild-type fibroblasts are from the littermate controls for these Akt1^−/−^ cells. The Akt antibody used recognizes all three isoforms of Akt and, thus, explains the immunoreactivity of Akt1^−/−^ cell lysates ([Fig. 1 A](#fig1){ref-type="fig"}). Because of the very low levels of these proteins in fibroblasts ([@bib16]), we were not able to detect phosphorylated Akt2 and 3. As expected, eIF4E does not induce the phosphorylation of Akt1 as a result of its absence. There is more phospho--4E-BP1 and phospho-S6 in general in Akt wild-type versus Akt1^−/−^ cells, with no alteration in the total levels of 4E-BP1 or S6. Interestingly, eIF4E still elevates 4E-BP1 and S6 phosphorylation in Akt1^−/−^ cells (without changing the total levels of either protein), suggesting that Akt2, Akt3, or some other kinase activates the mammalian target of rapamycin (mTOR) and, thereby, leads to phosphorylation of these proteins in the absence of Akt1. This is consistent with previous observations that Akt2 and Akt3 activate mTOR ([@bib50]; [@bib25]; [@bib61]; [@bib8]; [@bib60]). It is also possible that eIF4E modulates some other signaling pathways that regulate mTOR ([@bib23]; [@bib11]; [@bib3]; [@bib73]; [@bib9]; [@bib55]; [@bib59]).

We next tested whether eIF4E-mediated Akt activation occurred in a phosphoinositide-3 kinase (PI3K)--dependent manner. In cells overexpressing eIF4E, there is clearly more phosphorylation of Akt at both T308 and S473 relative to vector controls. Thus, we monitored the effects of inhibiting PI3K with LY294002 ([@bib77]) in eIF4E-overexpressing cells. This led to a drastic reduction in the activating phosphorylation of Akt, whereas Akt levels were not altered ([Fig. 1 B](#fig1){ref-type="fig"}). However, LY294002 treatment did not impede the eIF4E-dependent increases in NBS1, an eIF4E-dependent mRNA export target ([Fig. 1 B](#fig1){ref-type="fig"}; [@bib21]). Thus, PI3K signaling does not alter eIF4E\'s mRNA export activity for the transcripts examined. As expected, LY294002 inhibited the phosphorylation of S6 and 4E-BP1 ([Fig. 1 B](#fig1){ref-type="fig"}; [@bib57]; [@bib26]).

eIF4E requires Akt1 for its survival functions
----------------------------------------------

We examined the relevance of Akt activation to eIF4E\'s established physiological effects in cell survival. The ability of eIF4E to rescue wild-type or Akt1^−/−^ cells from serum deprivation--induced apoptosis was monitored by flow cytometry using annexin V/propidium iodide (PI) staining and by TUNEL analysis ([Fig. 2 A](#fig2){ref-type="fig"} and Table S1, available at <http://www.jcb.org/cgi/content/full/jcb.200707108/DC1>). Cells cultured in serum are shown as a control. eIF4E overexpression rescued wild-type cells (∼80% viable cells) as compared with vector controls (∼40% viable cells). The extent of rescue is similar to that shown in the original study describing the survival function of eIF4E ([@bib51]). Interestingly, the mRNA export-competent mutant (W73A) rescued cells to a similar extent (∼80%) as cells overexpressing wild-type eIF4E. This suggests that eIF4E\'s rescue function is mediated, at least in part, via its mRNA export function. In contrast, the inactive W56A eIF4E mutant did not rescue cells, with a similar number of viable cells as the vector controls.

![**Akt1 is required for eIF4E-mediated apoptotic rescue of serum-starved cells.** (A) The panels shown are representative fields from TUNEL experiments (blue, DAPI \[viable\]; red, apoptotic) of eIF4E-overexpressing cells derived from Akt wild-type and Akt1^−/−^ cells. Graphs represent quantitative measurements by flow cytometry of apoptosis using annexin V and PI staining of the indicated cells. Bar color is as follows: annexin V^−^/PI^−^, blue; annexin V^+^/PI^−^, yellow; annexin V^+^/PI^+^, red; annexin V^−^/PI^+^, black. (B) Western blot analysis of whole cell extracts from Akt1^−/−^ cells overexpressing eIF4E and/or Akt1 as indicated (Akt wild-type cells \[second lane\] are shown for comparison). β-Actin is shown as a loading control. (C) Quantification of viability (blue bars) from apoptosis assays of Akt1 add back into Akt1^−/−^ cells. Viability was assessed by flow cytometry using annexin V and PI. All errors from apoptosis assays were within 10% (Table S1, available at <http://www.jcb.org/cgi/content/full/jcb.200707018/DC1>). NC, normal condition; SS, serum starvation. Bars, 50 μm.](jcb1810051f02){#fig2}

A comparison of Akt1^−/−^ cells versus wild-type cells showed that Akt1^−/−^ cells had slightly reduced viability upon serum deprivation (∼20 vs. ∼40%). This reduction in viability was observed in another study involving serum deprivation of these cells ([@bib12]). Strikingly, neither wild-type eIF4E nor the W73A mutant rescued Akt1^−/−^ cells from apoptosis. In both cases, the number of viable cells was around 20%, the same as seen in the vector controls. As a control, we examined whether the antiapoptotic factor Bcl2 rescued Akt1^−/−^ cells. Substantially more viable Akt1^−/−^ cells (∼85%) were present upon the overexpression of Bcl2, indicating that these cells can be rescued from apoptosis ([Fig. 2 A](#fig2){ref-type="fig"} and Fig. S1 B, available at <http://www.jcb.org/cgi/content/full/jcb.200707108/DC1>), which is consistent with another study showing that Bcl2 rescued these cells ([@bib61]). Thus, eIF4E\'s survival function in the context of serum deprivation requires the presence of Akt1.

To further establish the dependence of eIF4E on Akt1, we reintroduced Akt1 into Akt1^−/−^ cells and monitored the ability of eIF4E to rescue cells from serum deprivation--induced apoptosis ([Fig. 2, B and C](#fig2){ref-type="fig"}). Reintroduction of Akt1 into Akt1^−/−^ cells restored the ability of eIF4E to rescue cells from serum deprivation, indicating that Akt1 is required for the apoptotic rescue function of eIF4E under these conditions and is not a consequence of some other/additional issue with the Akt1^−/−^ cells.

Loss of Akt1 does not impair eIF4E\'s mRNA export or translation functions
--------------------------------------------------------------------------

The results in Akt1^−/−^ cells suggest that one or more biochemical activities of eIF4E could be impaired by the loss of Akt1 and/or that eIF4E modulates the expression of target genes involved in activation of the Akt pathway. First, we examined whether eIF4E-dependent mRNA export was impaired in Akt1^−/−^ cells compared with wild-type controls ([Fig. 3 A](#fig3){ref-type="fig"}). We examined the nuclear export of cyclin D1 mRNA by monitoring the mRNA content in cytoplasmic versus nuclear fractions using real-time quantitative PCR (qPCR) as we described previously ([@bib20], [@bib21]). tRNA~lys~ and U6 small nuclear RNA are fractionation controls for monitoring the quality of cytoplasmic and nuclear fractions, respectively ([@bib20], [@bib21]). Graphs represent the ratio of cytoplasmic to nuclear levels of the indicated mRNAs ([Fig. 3 A](#fig3){ref-type="fig"}, top). Cyclin D1 mRNA was chosen, as it is the best-described eIF4E-dependent mRNA export target ([@bib54]; [@bib20], [@bib21]). Our results show that overexpression of eIF4E or the W73A export-competent mutant promoted cyclin D1 mRNA export in either wild-type or Akt1^−/−^ cells as compared with vector controls. Another eIF4E-dependent mRNA export target, NBS1 ([@bib20], [@bib21]), gave similar results. We confirmed that eIF4E-dependent mRNA export was associated with increased protein production of cyclin D1 and NBS1 ([Fig. 3 B](#fig3){ref-type="fig"}, bottom). Furthermore, overexpression of the W73A mutant (which is competent in export but does not enhance translation) leads to increased cyclin D1 and NBS1 protein levels, which is consistent with their enhanced nuclear mRNA export. Export of negative control mRNAs (glyceraldehyde-3-phosphate dehydrogenase \[GAPDH\], actin, and VEGF) is unchanged ([Fig. 3 B](#fig3){ref-type="fig"} and not depicted). Thus, eIF4E export is intact in the Akt1^−/−^ cells.

![**The absence of Akt1 does not impede eIF4E-dependent nuclear export of examined sensitive RNA targets.** (A) RNA quantification from qPCR experiments from Akt1 wild-type and Akt1^−/−^ cells show the relative fold increase of the cytoplasmic/nuclear (C/N) ratio of NBS1, cyclin D1 (positive control for eIF4E-dependent mRNA export), and VEGF (negative control) mRNAs. Cytoplasmic/nuclear ratios represent relative fold ± SD (error bars) normalized to vector control, which was set to 1. Averaged values were normalized to GAPDH. The bottom panels are controls for sample fractionation (U6 small nuclear RNA, nuclear; tRNA~lys~, cytoplasmic). (B) Control experiment showing total levels of NBS1, cyclin D1, or VEGF RNA, with Western analysis below indicating changes at the protein expression level.](jcb1810051f03){#fig3}

In addition, we examined the possibility that the loss of Akt1 impaired eIF4E-sensitive translation. We examined the levels of VEGF protein, a well-established translational target of eIF4E ([@bib17]). Clearly, the loss of Akt1 did not impair the ability of eIF4E to promote VEGF translation relative to vector controls ([Fig. 3 B](#fig3){ref-type="fig"}, bottom). Consistently, VEGF protein levels were not changed by the W73A export-competent/translationally impaired eIF4E mutant. Note that there was no change in the total mRNA levels of cyclin D1, NBS1, or VEGF as monitored by qPCR as a function of eIF4E or mutant overexpression ([Fig. 3 B](#fig3){ref-type="fig"}, top). In summary, the loss of Akt1 does not impair eIF4E-dependent mRNA export or translation of the eIF4E-sensitive transcripts examined. This led us to hypothesize that one (or more) of the mRNA targets of eIF4E potentiates Akt activation.

The eIF4E-dependent mRNA export target NBS1 is important for eIF4E-dependent Akt activation
-------------------------------------------------------------------------------------------

We previously demonstrated that the ability of eIF4E to coordinately modulate mRNA export of a wide variety of transcripts contributes to its proliferative potential ([@bib20], [@bib21]). Inspection of these mRNA targets revealed a potential mechanism for eIF4E-mediated activation of Akt. eIF4E overexpression led to enhanced mRNA export of NBS1 ([@bib21]). Traditionally, NBS1 has been associated with DNA double-strand break repair ([@bib19]). However, recent experiments revealed that elevation of NBS1 results in the activation of PI3K and subsequent activation of Akt and its downstream effectors ([@bib13]). In fact, endogenous NBS1 impacts Akt signaling ([@bib13], [@bib14]; [@bib56]). NBS1 overexpression is associated with proliferation and oncogenic transformation in cell culture and tumorigenesis in xenograft mouse models ([@bib13]; [@bib75], [@bib76]). Two recent studies also showed that NBS1 is involved in the suppression of apoptosis after γ irradiation ([@bib49]; [@bib56]) and that this relied on its effects on the Akt pathway ([@bib56]). Thus, we examined the possibility that the ability of eIF4E to activate Akt relied, at least in part, on its ability to modulate the expression of NBS1. As shown in [Fig. 1](#fig1){ref-type="fig"}, eIF4E overexpression led to the up-regulation of NBS1 mRNA export, similar to that observed for cyclin D1 mRNA ([Fig. 3 B](#fig3){ref-type="fig"}, top; [@bib54]). This was correlated with increased levels of NBS1 protein and was independent of the presence or absence of Akt1 ([Fig. 3 B](#fig3){ref-type="fig"}, bottom).

These observations led us to hypothesize that NBS1 is a key effector of eIF4E-dependent activation of Akt under these conditions. To determine whether eIF4E required NBS1 for Akt activation, the expression of NBS1 was silenced using RNA interference in NIH3T3 and Akt wild-type MEFs. Western blot analysis confirmed the efficiency of NBS1 siRNA ([Fig. 4 A](#fig4){ref-type="fig"} and Fig. S3 A, available at <http://www.jcb.org/cgi/content/full/jcb.200707018/DC1>). As shown previously, knockdown of NBS1 led to reduced activation of Akt and its downstream effectors, which is consistent with a role for endogenous NBS1 in Akt activation ([@bib13], [@bib14]). Importantly, siRNA treatment for NBS1 did not alter the expression of eIF4E or Akt ([Figs. 4 A](#fig4){ref-type="fig"} and S3 A) nor the export or RNA levels of eIF4E mRNA targets cyclin D1 or VEGF (Figs. S2 \[A and B\] and S3 \[C and D\]). We observed that if NBS1 expression is reduced by siRNA treatment, eIF4E overexpression no longer increases the phosphorylation of Akt at either T308 or S473 compared with scrambled siRNA controls in both NIH3T3 and Akt wild-type MEFs ([Fig. 4 A](#fig4){ref-type="fig"} and Fig. S3 A, respectively).

![**NBS1 expression is necessary for up-regulation of the Akt1 pathway by eIF4E.** (A) Western blot analysis of whole cell extracts from siRNA-treated NIH3T3 fibroblasts overexpressing eIF4E. Scram, scrambled control; siNBS1, extracts from cells treated with siRNA for NBS1. The proteins detected are as indicated. β-Actin is shown as a loading control. (B) Quantification of viable cells from apoptosis assays (annexin V^−^/PI^−^) of siNBS1-treated NIH3T3 fibroblast cells (vector vs. eIF4E). Error bars represent SD.](jcb1810051f04){#fig4}

To confirm that NBS1 did not affect the ability of eIF4E to modulate mRNA export, we examined mRNA export in eIF4E-overexpressing cells treated with siRNA for NBS1 (siNBS1) or scrambled controls (scram). Our results demonstrate that export of cyclin D1 mRNA is not reduced by silencing NBS1 expression (Figs. S2 B and S3 D) and that cyclin D1 protein levels are up-regulated in eIF4E-overexpressing cells relative to controls regardless of siRNA treatments ([Fig. 4 A](#fig4){ref-type="fig"}). Thus, silencing of NBS1 expression does not impair eIF4E-dependent mRNA export of the transcripts examined. Together with the previously reported data on the effects of NBS1 on PI3K activation ([@bib13], [@bib14]; [@bib56]) and the ability of the PI3K inhibitor LY294002 to inhibit this eIF4E activity ([Fig. 1 B](#fig1){ref-type="fig"}), it appears that the requirement for NBS1 in eIF4E-mediated activation of Akt is linked to the ability of NBS1 to impact the upstream activation of Akt, possibly at the level of PI3K.

eIF4E requires NBS1 for apoptotic rescue of serum-deprived fibroblasts
----------------------------------------------------------------------

We extended our studies to examine whether the ability of eIF4E to up-regulate NBS1 was required, at least in part, for its apoptotic rescue function. NIH3T3 cells were treated with siRNA for NBS1 (siNBS1) or scrambled controls (scram) and were serum deprived and monitored for apoptosis as a function of eIF4E overexpression ([Figs. 4 B](#fig4){ref-type="fig"} and S3 B). Transfection of NIH3T3 cells overexpressing eIF4E with scrambled siRNA slightly reduced the viability of cells relative to untreated controls ([Fig. 4 B](#fig4){ref-type="fig"}; ∼80% relative to ∼90% in [Fig. 2](#fig2){ref-type="fig"}). Knockdown of NBS1 led to a further reduction in the viability of cells that were serum deprived as well as not serum deprived. This is consistent with a previous study indicating that NBS1 is required for viability in mouse models ([@bib78]).

Strikingly, knockdown of NBS1 severely impaired the survival activity of eIF4E ([Fig. 4 B](#fig4){ref-type="fig"}). Specifically, eIF4E-overexpressing NIH3T3 cells treated with scrambled controls displayed ∼70% viability relative to vector-transfected cells, which showed ∼45% viability. This is comparable with the rescue observed in [Fig. 2 A](#fig2){ref-type="fig"}. However, when the eIF4E-overexpressing cells were treated with siRNA for NBS1, only ∼20% of cells were viable, threefold less than the scrambled siRNA-treated eIF4E-overexpressing cells, which were ∼70% viable. Together with the observations that eIF4E requires Akt for its rescue function and requires NBS1 to activate Akt, our data strongly suggest that the survival function of eIF4E requires its ability to activate Akt through NBS1. The same trends were observed in Akt wild-type MEFs (Fig. S3 B).

Next, we examined the effects of the ectopic expression of NBS1 on the ability to rescue Akt wild-type and Akt1^−/−^ cells (Fig. S4, A and B; available at <http://www.jcb.org/cgi/content/full/jcb.200707018/DC1>). Western blot analysis confirmed NBS1 overexpression and the fact that NBS1 overexpression led to the increased activation of Akt in Akt wild-type cells but not in the Akt1^−/−^ cells. NBS1-mediated Akt activation is consistent with previous studies ([@bib13], [@bib14]; [@bib75]; [@bib41]). NBS1 partially rescues the Akt wild-type cells. This is consistent with eIF4E acting through NBS1. It is not surprising that NBS1 overexpression could not completely recapitulate the extent of rescue seen during eIF4E overexpression (∼60% in NBS1 vs. ∼80% in eIF4E-overexpressing cells) given that eIF4E has additional activities. For instance, eIF4E also up-regulates the expression of many downstream effectors of Akt1 (see the last Results section). Finally, NBS1 does not rescue Akt1^−/−^ cells relative to vector controls, which is consistent with NBS1 acting, at least in part, through Akt1. Thus, consistent with our previous findings that eIF4E requires Akt1 for its survival functions, NBS1 partially rescues Akt wild-type cells but not Akt1^−/−^ cells.

We extended our studies to determine the effects of knocking down Akt1 expression on the ability of NBS1 to rescue serum-deprived NIH3T3 cells. NIH3T3 cells overexpressing NBS1 or vector controls were serum deprived, and viability was assessed using flow cytometry. The efficiency of Akt1 knockdown and of NBS1 overexpression was assessed by Western blotting (Fig. S4 C). NBS1-overexpressing cells treated with scrambled controls versus siRNA to Akt1 had increased viability by about twofold (∼40 vs. ∼20%; Fig. S4 D). This indicates that NBS1 requires Akt1 for its ability to rescue serum-starved NIH3T3 cells, which is consistent with our model.

PML is a negative regulator of eIF4E-mediated apoptotic rescue
--------------------------------------------------------------

Clearly, the cell has developed mechanisms to control the proliferative and survival functions of eIF4E. Our previous studies indicated that the PML is a potent inhibitor of eIF4E-dependent mRNA export ([@bib18]; [@bib35]; [@bib67]; [@bib20], [@bib21]). The RING domain of PML directly interacts with the dorsal surface of eIF4E (including W73) and, thereby, reduces the affinity of eIF4E for the m^7^G cap by over 100-fold ([@bib35]). Previous studies indicated that mutations of PML in the RING domain or of the dorsal surface of eIF4E (W73A) impaired the PML--eIF4E interaction and thereby relieved the PML-mediated inhibition of eIF4E-dependent mRNA export (for review see [@bib22]). Thus, we examined the possibility that the PML protein impairs the export of NBS1 mRNA and, thereby, impairs the eIF4E-dependent activation of Akt. Mutants were used to determine whether these effects were dependent on the PML--eIF4E interaction.

PML overexpression suppressed mRNA export of NBS1 and cyclin D1 (by acting on endogenous eIF4E) relative to vector controls or eIF4E-overexpressing cells ([Fig. 5](#fig5){ref-type="fig"}). In cells expressing both PML and eIF4E, PML reduces the export of both NBS1 and cyclin D1 mRNAs relative to cells overexpressing eIF4E alone. Consistently, PML overexpression leads to a reduction in NBS1 and cyclin D1 protein levels relative to cells overexpressing eIF4E alone ([Fig. 5 A](#fig5){ref-type="fig"}). Next, we examined whether PML reduces eIF4E-dependent Akt activation. Coexpression of PML and eIF4E led to a reduction in the phosphorylation of Akt at both T308 and S473 relative to cells overexpressing eIF4E alone ([Fig. 5 A](#fig5){ref-type="fig"}). Consistently, PML overexpression leads to the reduced phosphorylation of S6 as well as 4E-BP1 relative to vector or eIF4E-overexpressing cells. Thus, PML impairs eIF4E-dependent Akt activation and the downstream events examined.

![**The eIF4E inhibitor PML abrogates the eIF4E--Akt1 pathway, whereas the PML RING mutant does not.** (A) Western blot analysis of whole cell extracts from stably transfected NIH3T3 cells overexpressing constructs as indicated. Note that the antibody used for PML only detects exogenous PML. β-Actin is shown as a loading control. (B) Parallel qPCR experiments showing relative fold increase of the cytoplasmic/nuclear (C/N) ratio of eIF4E target mRNAs from NIH3T3-derived cells. Error bars represent SD.](jcb1810051f05){#fig5}

To demonstrate that these effects of PML are dependent on its interactions with eIF4E, we monitored the effects of the PML mutant deficient in eIF4E binding (RING) and an eIF4E mutant deficient in binding PML (W73A). Coexpression of PML RING + eIF4E or PML + W73A eIF4E did not impair eIF4E-dependent Akt activation as observed by Western blotting for both T308 and S473 Akt sites relative to cells expressing eIF4E alone ([Fig. 5 A](#fig5){ref-type="fig"}). As expected, the PML RING mutant did not inhibit eIF4E-dependent mRNA export of either NBS1 or cyclin D1 mRNA (PML RING + eIF4E vs. PML + eIF4E; [Fig. 5 B](#fig5){ref-type="fig"}). Reciprocally, wild-type PML did not impair W73A eIF4E-dependent mRNA export of NBS1 or cyclin D1 ([Fig. 5 A](#fig5){ref-type="fig"}). As expected, export for the negative control for mRNA export, VEGF, was unchanged by either eIF4E or PML overexpression. Thus, PML must directly bind to eIF4E to impair eIF4E-dependent NBS1 mRNA export to thereby reduce NBS1 protein levels and activate Akt. Importantly, the expression of PML or PML RING did not alter the expression of eIF4E or Akt ([Fig. 5 A](#fig5){ref-type="fig"}), nor did the expression of eIF4E or W73A eIF4E modulate PML levels.

We hypothesized that PML should impair eIF4E-dependent rescue of serum-deprived fibroblasts from apoptosis. Before serum starvation, PML and eIF4E overexpression do not appear to impact viability ([Fig. 6](#fig6){ref-type="fig"}). However, in serum-deprived cells, PML overexpression results in reduced viability relative to vector controls ([Fig. 6 A](#fig6){ref-type="fig"}), which is consistent with a previous study ([@bib7]). eIF4E-overexpressing cells result in enhanced viability versus vector controls (twofold) and PML (threefold)-expressing cells. In contrast, in cells coexpressing PML and eIF4E, viability was substantially reduced relative to eIF4E-overexpressing cells (∼40 vs. ∼80%). As with the aforementioned results, experiments with PML RING and W73A eIF4E mutants indicated that PML must directly bind eIF4E to inhibit eIF4E\'s survival function ([Fig. 6 A](#fig6){ref-type="fig"}). TUNEL assays yielded consistent results ([Fig. 6 B](#fig6){ref-type="fig"}). Thus, PML impairs eIF4E-mediated apoptotic rescue under serum deprivation conditions.

![**The eIF4E inhibitor PML impedes eIF4E-dependent apoptotic rescue through the RING domain of PML.** (A) Bar graphs represent quantitative measurements of apoptosis using annexin V and PI staining of the indicated NIH3T3-derived cells. Bar color is as follows: annexin V^−^/PI^−^, blue; annexin V^+^/PI^−^, yellow; annexin V^+^/PI^+^, red; annexin V^−^/PI^+^, black. Errors were within 10% (Table S2, available at <http://www.jcb.org/cgi/content/full/jcb.200707018/DC1>). NC, normal condition; SS, serum starvation. (B) Confirmation of apoptosis from TUNEL experiments (blue, DAPI; red, apoptotic). Bars, 50 μm.](jcb1810051f06){#fig6}

Finally, we examined the possibility that differences in PML status could account for the different effects of eIF4E on Akt1^−/−^ versus Akt wild-type cells. Our studies demonstrate that there are no significant differences in PML levels or localization between these cell lines (Fig. S1, C and D).

eIF4E is positioned to have a two-tier effect on Akt expression
---------------------------------------------------------------

Given that eIF4E modulates gene expression combinatorially ([@bib21]), we investigated whether other known targets of eIF4E-dependent mRNA export and/or eIF4E-sensitive translation also acted in Akt signaling. Inspection of previously reported eIF4E mRNA export targets ([@bib21]) demonstrated that this is indeed the case (i.e., eIF4E coordinately up-regulated effectors of the Akt pathway, including cyclins A2 \[[@bib30]\], B1 \[[@bib40]\], and E \[[@bib31]\], c-Myc \[[@bib1]\], Mdm2 \[[@bib27]\], cyclin D1 \[[@bib46]\], and NBS1 \[[Fig. 5](#fig5){ref-type="fig"}; [@bib21]\]). This list is not inclusive, and as more eIF4E mRNA targets are identified, it is likely that many of these will also be downstream effectors of the Akt signaling pathway. Thus, eIF4E is positioned to affect the Akt pathway at two levels: Akt activation and up-regulation of the downstream effectors of Akt.

Discussion
==========

We provide evidence that via the RNA regulon model, eIF4E modulates the PI3K--Akt signaling axis and coordinates its regulation ([Fig. 7](#fig7){ref-type="fig"}). This is consistent with previous studies, which indicated that eIF4E is a node in a regulon that governs cell cycle progression via coordinately modulating the expression of genes involved in this process ([@bib21]; for review see [@bib22]). The studies reported here indicate that eIF4E, using the same strategies, enhances survival signaling, enabling eIF4E to drive proliferation while inhibiting apoptosis in immortalized cell lines. Our findings are consistent with previous reports that eIF4E overexpression substantially reduces cellular susceptibility to apoptotic stimuli ([@bib51], [@bib52]; [@bib65]; [@bib42], [@bib43]). Our experiments also suggest that these two biological effects of eIF4E overexpression, proliferation and apoptotic rescue, are intrinsically linked through modulation of this RNA regulon.

![**Comparison models summarizing how eIF4E is not only downstream of the PI3K--AKT pathway (left) but can modulate this PI3K--Akt axis through NBS1 (right).** Furthermore, several downstream effectors of Akt (e.g., cyclin A2, B1, D1, and E, Mdm2, and c-Myc) are also targets for eIF4E regulation at the mRNA export level, giving rise to a putative feedback loop. For simplicity, arrows indicate downstream effects (such as phosphorylation), but arrows do not necessarily indicate a single-step process. In yellow are some of the known subsets of mRNAs sensitive to eIF4E export activity that are also downstream effectors of Akt. PML\'s role as an inhibitor of eIF4E is also shown.](jcb1810051f07){#fig7}

In this model, eIF4E coordinately exports mRNAs of downstream effectors of the Akt signaling pathway, allowing their enhanced production ([Fig. 7](#fig7){ref-type="fig"}). Coordinated mRNA export is achieved by a common element in the 3′ UTR of these mRNAs, the 4E-SE ([@bib21]). Our findings indicate that eIF4E impacts the Akt pathway at least at two levels. First, eIF4E acts at the level of Akt phosphorylation via enhancing production of the NBS1 protein. Several studies indicate that NBS1 is an upstream activator of PI3K ([@bib13]; [@bib75]; [@bib41]; [@bib56]), and, recently, NBS1 was shown to directly interact through a novel, highly conserved C-terminal motif with p110α, a catalytic subunit of PI3K, enabling stimulation of PI3K activity ([@bib14]). Consistent with previous studies, we show that eIF4E-NBS1 activation of Akt is PI3K dependent because LY294002 impairs this activation ([@bib13], [@bib14]; [@bib56]). Interestingly, eIF4E enhances the production of ornithine decarboxylase (ODC) at both the mRNA export and translation levels ([@bib54]). ODC overexpression can lead to Akt activation independently of PI3K ([@bib29]), indicating that in some contexts, eIF4E may activate Akt independently of the NBS1-PI3K-Akt axis. Thus, it is possible that the eIF4E--Akt pathway is parallel to the PI3K--Akt pathway. Second, eIF4E overexpression leads to increased protein levels for several downstream effectors of Akt ([Fig. 7](#fig7){ref-type="fig"}; [@bib21]). In summary, eIF4E is positioned to amplify the Akt survival signaling pathway.

Previous studies have suggested that eIF4E overexpression did not lead to the activation of Akt1 or of p70S6K and 4E-BP1 ([@bib38]). For Akt activation analysis, these experiments were performed using a tetracycline-inducible system. However, tetracycline alone in parental cell lines quite markedly enhanced Akt phosphorylation ([@bib38]). Similarly, tetracycline alone markedly affects the phosphorylation and total levels of 4E-BP1 and p70S6K ([@bib38]). Additionally, in some cases, phosphorylation and total levels of these proteins were different between the three eIF4E-overexpressing clones before induction. The one experiment conducted in the absence of the tetracycline-inducible system showed that eIF4E overexpression led to increased levels of β phosphorylation of BP1 (consistent with our findings), with a slight reduction in γ phosphorylation ([@bib38]). Thus, many of the effects in this study seem to be related to observing the effects of eIF4E in the background of tetracycline treatment. This is the key difference between our study and the previous one ([@bib38]).

The effects of eIF4E overexpression on 4E-BP1 phosphorylation are interesting and suggest that eIF4E could be involved in a positive feedback loop in which it activates its translational activity by indirectly using its mRNA export activity to increase levels of hyperphosphorylated 4E-BP1 without changing levels of total 4E-BP1 protein. However, translation of eIF4E-sensitive mRNAs (e.g., ODC) is not significantly elevated in 4E-BP1^−/−^, 4E-BP2^−/−^, or 4E-BP1^−/−^/4E-BP2^−/−^ cells ([@bib5]; [@bib71]; [@bib4]; [@bib39]). Enhancement of the formation of translationally active eIF4E complexes is estimated to be within the SD of the measurements (∼1.5-fold; [@bib4]), and enhanced polysomal loading of eIF4E-sensitive mRNAs was not reported in these studies. These animals are normal in terms of their size, with 4E-BP1^−/−^ and 4E-BP1^−/−^/4E-BP2^−/−^ having only significant defects in adipogenesis and the insulin response ([@bib71]; [@bib39]). Interestingly, 4E-BP1^−/−^ cells respond to rapamycin (in terms of growth arrest) to the same extent as wild-type controls ([@bib5]). The phenotype of these mice was predicted to be much more marked, as it was assumed that these mice would be subject to a wide range of cancers. This is not the case. It is possible that 4E-BP3 can substitute for the other binding proteins. These experiments suggest that there is significant redundancy in the factors that regulate eIF4E. Thus, although 4E-BP1 phosphorylation is a marker of Akt activation, it is not clear the extent to which 4E-BP1 phosphorylation alone is predictive of the translational activity of eIF4E. In the case of our experiments, although eIF4E does stimulate 4E-BP1 phosphorylation through Akt activation, the significance of this effect alone on eIF4E activity will require further study.

The cell has clearly developed master control switches to control the RNA regulon, in this case in the form of PML, to attenuate the effects of eIF4E ([@bib21]; for review see[@bib22]). Thus, the cell can use PML to shut down this complicated survival network by directly targeting just one node of the network, eIF4E. PML is a potent inhibitor of eIF4E, where it not only inhibits eIF4E-dependent mRNA export but, when in the cytoplasm, can inhibit cap-dependent translation as well ([@bib35]). Furthermore, the ability of PML to promote apoptosis via inhibiting eIF4E-dependent rescue ([Fig. 6](#fig6){ref-type="fig"}) provides the first molecular explanation for previous observations that the proapoptotic activity of PML is independent of on-going transcription ([@bib53]) because, at the time of this previous study, the link between PML and eIF4E was not known. Thus, our results suggest a model for how PML stimulates apoptosis in a transcriptionally independent manner. Finally, our results are consistent with recent observations that Akt is more active in PML^−/−^ cells than in littermate controls ([@bib70]). Although another mechanism for PML inactivation of Akt was proposed there, our results do not exclude the possibility that PML acts as a negative regulator of Akt directly in addition to its effects on the eIF4E regulon described here. Also, overexpression of the proline-rich homeodomain protein, another negative regulator of eIF4E-dependent mRNA export ([@bib67]), also decreases the phosphorylation of Akt (unpublished data).

Clearly, other cellular modulators of eIF4E function, such as En2, HoxA9, and 4E-BPs, are positioned to potently modulate this regulon ([@bib62]; [@bib67], [@bib66]; [@bib10]; [@bib66]). Regulators such as HoxA9 are particularly potent, as HoxA9 stimulates both eIF4E-dependent mRNA export and eIF4E-dependent translation ([@bib69]). Furthermore, there are likely feedback loops on this regulon. For instance, c-Myc is an mRNA export and translational target of eIF4E ([@bib17]; [@bib21]). Interestingly, both eIF4E and NBS1 are direct transcriptional targets of c-Myc ([@bib15]; [@bib58]). This provides a putative positive feedback loop between these proteins and Akt activation. Other control loops likely exist in this regulon. For instance, PML and NBS1 proteins interact at PML bodies ([@bib47]), suggesting that they could impact the function of each other, thereby affecting the eIF4E RNA regulon at yet another level.

Collectively, our findings suggest that eIF4E coordinately modulates proliferation and survival signaling gene expression networks. The RNA regulon model provides a theoretical context to understand eIF4E\'s combinatorial effects on gene expression and its wide-ranging biological activities. As such, eIF4E presents a potent therapeutic target. The first therapeutic strategy developed to target eIF4E involved use of a physical mimic of the m^7^G cap, ribavirin ([@bib36], [@bib37]). Ribavirin is now being tested in a clinical trial in leukemias characterized by dysregulated eIF4E activity ([www.ribatrial.com](www.ribatrial.com)). These studies will yield the first clinical insights into the therapeutic efficacy of targeting an RNA regulon and of targeting eIF4E.

Materials and methods
=====================

Constructs
----------

pLINKSV40-PML, pcDNA eIF4E, MSCV-pgk-GFP-eIF4E wild type, and mutant expression constructs were previously described ([@bib18]; [@bib68]; [@bib20]; [@bib66]). GFP profiles of murine stem cell virus (MSCV) stably transfected Akt wild-type and Akt1^−/−^ cells are shown in Fig. S1 A. The PML RING mutant (double point mutation of the first two cysteines to alanines in the RING domain of PML; required for PML function) was previously described ([@bib6]). The MSCV-pgk-YFP-Akt1 expression construct was made by blunt end ligation using an XhoI site.

Cell culture and treatments
---------------------------

Akt1 and Akt1^−/−^ cells were used to determine the importance of Akt1 to eIF4E-mediated apoptotic rescue. However, these cells were much less transfectable than NIH3T3 cells, which were used in other experiments, especially where multiple transfections were necessary. Indeed, Akt1 and Akt1^−/−^ cells had to be retrovirally transduced. Note that Akt MEFs were immortalized by passaging multiple times ([@bib16]). The cells used were maintained in DME with 100 U/ml penicillin G sodium and 100 μg/ml streptomycin sulfate (all were obtained from Invitrogen), with the addition of 10% newborn calf serum for MEF Akt1 wild type-- and Akt1^−/−^-derived cells, 10% FCS for Bosc-23 cells, and 10% calf serum with 1 mg/ml G418 (Invitrogen) and 1 μg/ml puromycin (Sigma-Aldrich) for NIH3T3-derived cells. eIF4E wild-type and mutant retroviral vectors were transiently transfected into the Bosc-23 Eco packaging line (a gift from G. Sauvageau, Institute for Research in Immunology and Cancer, University of Montreal, Quebec, Canada), and retroviral supernatants were used to infect MEF Akt1 wild-type and Akt1^−/−^ cells (a gift from M. Birnbaum, Howard Hughes Medical Institute, University of Pennsylvania School of Medicine, Philadelphia, PA). GFP^+^ cells were isolated using a cell sorter (FACSAria; BD Biosciences). eIF4E and PML stably transfected NIH3T3 cells were generated as described previously ([@bib18]; [@bib67]; [@bib36]). For siRNA experiments, indicated cells were transfected with Lipofectamine 2000 (Invitrogen) and 20 nM siRNA duplex (si_NBS1, MMS.RNAI.NO13752.2.2; si_eIF4E, MMU.RNAI.N007917.1.1 and MMU.RNAI.N007917.1.2 \[all were obtained from Integrated DNA Technologies\]) according to the manufacturer\'s instructions. Cells were analyzed 72 h after transfection. LY294002 used in treatment experiments was cell culture grade (Sigma-Aldrich) and was used at 50 μM for 1 h.

Western blot analysis and antibodies
------------------------------------

Western analysis was performed as described previously ([@bib67]; [@bib36]), with a modified lysis buffer (40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM β-glycerophosphate, 50 mM NaF, 0.5 μM NaVO~3~, and 1% \[vol/vol\] Triton X-100 supplemented with complete protease inhibitors \[all were purchased from Sigma-Aldrich\]). In addition, blots for immunophosphoprotein detection were blocked in BSA blocking solution (2% \[wt/vol\] BSA \[Sigma-Aldrich\] in TBS--Tween 20), and primary antibodies were diluted in BSA blocking solution. Antibodies used for immunoblotting were obtained from Cell Signaling Technology unless otherwise mentioned: mAb anti-eIF4E (BD Biosciences); mAb anti-PML (Millipore); pAb anti-NBS1; mAb anti--cyclin D1 (BD Biosciences); pAb anti-VEGF (Santa Cruz Biotechnology, Inc.); pAbs anti-Akt, antiphospho-Thr308 Akt, and mAb antiphospho-Ser473 Akt; pAbs anti-S6 and antiphospho-S6 ribosomal protein; pAbs anti--4E-BP1 and antiphospho-Thr37/46 4E-BP1; mAb anti-GAPDH (MAB374; Chemicon); mAb anti--β-actin (AC-15; Sigma-Aldrich); and mAb anti--α-tubulin (Sigma-Aldrich).

Apoptosis assays
----------------

Exponentially growing cell cultures derived from MEF Akt1 wild-type, Akt1^−/−^, and NIH3T3 cells were shifted to 0.1% serum conditions for 18 h. For annexin V--allophycocyanin (BD Biosciences) and PI (Sigma-Aldrich) staining, cells and initial PBS washes were collected and treated according to the manufacturer\'s instructions (BD Biosciences). Stained cells were analyzed on a flow cytometer (LSRII; BD Biosciences), with early apoptotic cells scored as annexin V positive and PI negative to exclude necrotic cells. Assays were performed in triplicate.

TUNEL, immunofluorescence, and laser-scanning confocal microscopy
-----------------------------------------------------------------

For TUNEL staining, preseeded cells on coverslips were serum withdrawn, fixed, and stained with the In Situ Cell Death Detection kit (TMR red; Roche) according to the manufacturer\'s instructions and were then mounted in Vectashield with DAPI (Vector Laboratories). Fluorescence from several fields was observed using a 20× optical magnification and 1× digital zoom on a laser-scanning confocal microscope (LSM510; Carl Zeiss, Inc.), exciting at 405 and 543 nm at RT. All channels were detected separately, and no cross talk between the channels was observed. The confocal micrographs represent a single optical section through the plane of the cell. Images were obtained using LSM510 software (Carl Zeiss, Inc.) and were displayed using Photoshop CS 8.0 (Adobe).

Cellular fractionation and qPCR
-------------------------------

Fractionation and RNA isolation were performed as described previously ([@bib21]). qPCR analyses were performed using Sybr Green PCR Master Mix (Applied Biosystems) in a thermal cycler (Mx3000P; Stratagene), and data were analyzed with MxPro software (Stratagene). All conditions and primers were described previously ([@bib20]). All calculations were performed using the relative standard curve method described in Applied Biosystems User Bulletin \#2 and are more precisely described in the corresponding figure legends.

Online supplemental material
----------------------------

Tables S1 and S2 show values and SDs for apoptosis assays in Figs. 2 and Figs.6. Fig. S1 shows GFP profiles by flow cytometry of Akt wild-type and Akt1^−/−^ cells transduced with MSCV-GFP vectors, Bcl2 protein overexpression in Akt wild-type and Akt1^−/−^ transduced cells, endogenous PML expression status in Akt wild-type and Akt1^−/−^ cells, and PML staining of those cells analyzed by immunocytochemistry. Fig. S2 shows qPCR analysis of total, nuclear, and cytoplasmic RNA from NIH3T3 cells treated with siNBS1. Fig. S3 shows analysis of siNBS1-treated Akt wild-type cells for protein expression, apoptosis (by TUNEL), and total, nuclear, and cytoplasmic RNA. Fig. S4 shows protein expression and quantification of viability from Akt wild-type and Akt1^−/−^ cells overexpressing NBS1 and siAkt1-treated NIH3T3 cells overexpressing NBS1. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200707018/DC1>.
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